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The movement protein (MP) of Cowpea mosaic virus forms tubules in plasmodesmata to enable the transport
of mature virions. Here it is shown that the MP is capable of specifically binding riboguanosine triphosphate
and that mutational analysis suggests that GTP binding plays a role in the targeted transport of the MP.
Furthermore, the MP is capable of binding both single-stranded RNA and single-stranded DNA in a non-
sequence-specific manner, and the GTP- and RNA-binding sites do not overlap.
Most plant virus genomes code for one or more movement
proteins (MPs), which are required for viral cell-to-cell move-
ment. Based on their primary structure, MPs can be divided
into several superfamilies, one of which is the “30K” super-
family, related to the Tobacco mosaic virus (TMV) MP (20).
Within this 30K superfamily, two basic mechanisms for cell-to-
cell movement have been proposed (18). TMV MP typifies one
mechanism whereby the MP modifies plasmodesmata, allow-
ing viral RNA-MP complexes to move from cell to cell. The
other type of movement, best known from Cowpea mosaic virus
(CPMV) MP, is the tubule-guided movement of mature virus
particles through drastically modified plasmodesmata. Second-
ary-structure comparisons of MPs belonging to the 30K super-
family predicted a common central core (20). In this core, one
aspartic acid, referred to as the D motif, is almost absolutely
conserved (16, 21), but its function has so far remained unre-
solved. MPs of como- and tobamoviruses have been suggested
to contain a Walker B-like ribonucleoside triphosphate
(rNTP)-binding motif (4, 27), and some MPs of the 30K su-
perfamily (for example, TMV MP) have been shown to bind
GTP (19). However, the GTP-binding site has not been iden-
tified, and a function for GTP binding has not been described
yet, although it has been suggested that GTP hydrolysis pro-
vides the energy needed for cell-to-cell transport (19).
To investigate potential rNTP-binding properties of CPMV
MP, GTP-coupled agarose beads (Sigma), prewashed three
times with binding buffer (24), were incubated for 60 min at
4°C with 5 g of purified wild-type MP (wtMP; prepared as
described previously [3]). The beads were then pelleted by
centrifugation (5 min at 18,000  g) and washed three times
with binding buffer to remove unbound proteins. Pellet (bound
protein) and supernatant (unbound protein) fractions were
analyzed by immunoblotting with anti-MP antibodies (15),
which showed that MP binds to the GTP-coupled beads (Fig.
1A). When the MP was incubated for 60 min at 4°C with 2.5
mM GTP prior to incubation with the GTP-agarose beads,
most of the MP remained in the supernatant fraction, showing
that the binding of MP is to GTP and not directly to the
agarose beads (Fig. 1B). Furthermore, preincubation with 2.5
mM ATP, CTP, or UTP did not prevent the binding of MP to
the GTP-agarose beads (Fig. 1C), indicating that the CPMV
MP specifically binds GTP, like the MPs of TMV and Cucum-
ber mosaic virus (19).
In CPMV MP mutant AM5 (1), V142 and D143 (the D
motif), which are located in the putative rNTP-binding site (4),
were replaced with alanines. To express His-tagged AM5MP in
insect cells, the AM5 mutation was introduced into pFAST-
BAC-MP (3) by ligation of the NdeI/BamHI fragment from
pTMAM5 (1) and the NcoI/NdeI fragment from pFASTBAC-
MP into NcoI/BamHI-digested pFASTBAC-MP with a triple
ligation. Mutant AM5MP, expressed and purified as described
for wtMP (3), almost completely failed to bind to the GTP-
agarose beads (Fig. 1D), indicating that the D motif is part of
the GTP-binding site, as suggested by Chen and Bruening (4).
Based on the resemblance of the D motif to the Walker B
motif (9, 17), the aspartic acid (D143) might play a role in
binding an Mg cation complexed with phosphate groups of the
GTP (9, 17). The observation that the D motif is highly con-
served among members of the 30K superfamily suggests that
GTP binding may be a general feature of these MPs. Although
the lack of GTP binding of this mutant could be due to mis-
folding, this is very unlikely, as the two amino acid changes are
rather mild and the mutant still binds RNA, which, as we show
below, is dependent on the conformation of the MP.
So far, a function for GTP binding by MPs has not been
demonstrated, although it was suggested that rNTP binding
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and hydrolysis provide energy for cell-to-cell movement, which
is supposed to be an energy-dependent process (2, 10). At least
two steps during MP-mediated cell-to-cell movement might
involve rNTP-dependent events: (i) intracellular targeting of
MP or MP-RNA complexes to plasmodesmata and (ii) modi-
fication of plasmodesmata either by the trafficking of MP-RNA
complexes or by the formation of tubules (10, 12, 18). To
determine whether the mutation in the rNTP-binding site has
an effect on the subcellular localization of the MP, insect cells
(Spodoptera frugiperda; Sf21) expressing mutant AM5MP were
fixed for immunofluorescent detection of the protein (3). In these
cells, AM5MP (Fig. 2A and B), like wtMP (Fig. 2C), accumulated
in aggregates in the cytoplasm which might be caused by the
overexpression of MP in insect cells. Rarely, i.e., in approximately
1% of the AM5MP-expressing cells, relatively short tubules were
found at the cell surface (Fig. 2B), while in approximately 80% of
FIG. 1. GTP-binding capacity of MP and mutant AM5MP. (A through C) wtMP specifically binds GTP. Purified MP was incubated with
GTP-agarose beads. Unbound proteins (sup) were separated from GTP-agarose beads (beads) by centrifugation, and both were analyzed by
Western blotting with anti-CPMV MP. For the competition assays, wtMP was preincubated with 2.5 mM GTP (B), ATP, CTP, or UTP (C).
(D) Mutant AM5MP does not bind GTP. The arrow indicates the position of the MP.
FIG. 2. Intracellular localization of wt and AM5 mutant MPs in insect cells and cowpea protoplasts. (A through C) Immunofluorescent
detection of MP in insect cells expressing AM5MP (A and B) and wtMP (C); (D and E) cowpea protoplasts transiently expressing AM5MP-YFP
(D) and wtMP-YFP (E). Arrows indicate tubules formed at the cell surface. Bar, 5 m.
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the cells expressing wtMP, tubules were present (Fig. 2C), indi-
cating that GTP binding plays a role in tubule formation.
Since wtMP formed aggregates in the cytoplasm of insect
cells, a process that is not observed in plant cells, and insect
cells are not hosts for CPMV, the localization of AM5MP in
cowpea protoplasts was also studied. Therefore, the AM5 mu-
tation was introduced into pMON-wtMP-YFP (25), which en-
codes wtMP fused C terminally to the yellow fluorescent pro-
tein (wtMP-YFP) under the control of a double 35S promoter
by ligation of the BglII/XhoI fragment from pTMAM5 into
BglII/XhoI-digested pMON-wtMP-YFP. Cowpea mesophyl
protoplasts were isolated and inoculated as described previ-
ously (30), and images from the protoplasts were obtained with
a Zeiss LSM510 confocal microscope with standard YFP fil-
ters. At 24 h posttransfection, AM5MP-YFP had accumulated
uniformly in the cytoplasm of transfected protoplasts (Fig.
2D), in contrast to wtMP-YFP, which had accumulated in
punctate structures at the plasma membrane and formed tu-
bules protruding from the cell surface into the culture medium
(Fig. 2E), indicating a role for GTP binding in targeting MP to
the cell periphery. As the D motif is conserved throughout the
30K MP superfamily, GTP binding by other MPs may also be
necessary for targeting to the cell periphery. The observations
that the targeting deficiency of AM5 could not be comple-
mented by wt protein (data not shown) and that targeting to
the plasma membrane very likely requires di- or multimeriza-
tion of MPs (25) suggest that GTP binding might play a role in
the multimerization of MP. It is tempting to speculate that the
mechanism by which CPMV MP forms tubules resembles mi-
crotubule formation, since -tubulin requires GTP binding for
incorporation into microtubules (13).
As GTP binding often coincides with the GTPase activity of
a protein, a GTPase assay was performed with wtMP and
AM5MP by incubating 1 l of [-32P]GTP with 1 g of wtMP
or AM5MP in binding buffer for 2 h at 25°C. The soluble (S30)
fraction of a cowpea leaf was used as a positive control, and
water was used as a negative control. The mixtures were ap-
plied directly to thin-layer chromatography plates, and the
GTP and P were separated by using 0.3 M sodium phosphate
(pH 3.8) containing 1 M LiCl as the solvent. The results ob-
tained demonstrate that neither wtMP nor AM5MP exhibits
GTPase activity in this assay (Fig. 3) but that GTPases present
in the cytoplasmic fraction from cowpea leaves were able to
hydrolyze GTP. This experiment, however, does not rule out
the possibility that CPMV MP, like tubulin (8, 22), needs to
form multimers or requires a host factor or membrane binding
for GTP hydrolysis.
GTP binding by CPMV MP may be the result of an RNA-
binding capacity. For many MPs of the 30K superfamily RNA
binding has been confirmed (5, 6, 19, 23, 26, 28), but this
information was not available for the CPMV MP. RNA bind-
ing by CPMV MP was studied in a gel shift assay by using a
radiolabeled RNA fragment derived from CPMV. This RNA
fragment was obtained by in vitro transcription of M19GFP7
(11) (linearized with PvuII) with T7 RNA polymerase (GIBCO
BRL) in the presence of [-32P]CTP, resulting in the transcrip-
tion of the 3-terminal 707 nucleotides (nt) of CPMV RNA2.
Fifty nanograms of this radioactive RNA fragment was incu-
bated with different amounts of purified wtMP in 20 l of
binding buffer for 60 min at room temperature and then used
FIG. 3. GTPase activity assay of CPMV MP. wtMP or AM5MP was
incubated with [-32P]GTP and applied to thin-layer chromatography
plates. A cytoplasmic extract of cowpea leaves was used as a positive
control, and H2O was used as a negative control. The GTP and P are
indicated.
FIG. 4. Nucleic acid binding of CPMV MP, evaluated by gel shift
assay. The protein-RNA complex and the free RNA were separated by
electrophoresis in a 1% agarose gel. Fifty nanograms of 32P-labeled
ssRNA corresponding to the C-terminal 707 nt of CPMV RNA2 was
used in all experiments. For reasons yet unknown, two RNA molecules
were produced during in vitro transcription. (A) Binding of different
amounts of MP to ssRNA; (B) binding of CPMV MP (500 ng) to
ssRNA under increasing NaCl concentrations; (C) various amounts of
AM5MP incubated with 50 ng of 32P-labeled ssRNA. The wtMP was
used as a control.
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for electrophoresis in a 1% agarose gel. The results of this
experiment showed that wtMP is able to bind single-stranded
RNA (ssRNA) in a cooperative manner (Fig. 4A). Heating MP
for 5 min at 95°C prior to binding drastically decreased the
RNA binding capacity (data not shown), indicating that the
native protein conformation is important for RNA binding.
Competition experiments (data not shown) with 1 g (a
20-fold excess) of ssRNA, double-stranded RNA (dsRNA)
(both corresponding to the 3-terminal 203 nt of brome mosaic
virus RNA3 [14]), ssDNA (M13 DNA), or dsDNA (linearized
pFASTBAC-HT; GIBCO BRL) revealed that CPMV MP
binds ssRNA or ssDNA, but not dsRNA or dsDNA, without
sequence specificity just like the related Broad bean wilt virus 2
MP and many other MPs (5, 6, 19, 23, 26, 28). The ability to
bind single-stranded nucleic acids therefore seems to be a
general property of plant viral MPs. However, the significance
of the RNA-binding capacity for CPMV MP has yet to be
determined, since for CPMV, virus particles rather than MP-
RNA complexes are transported from cell to cell. The forma-
tion of an MP-RNA complex, however, might be required for
systemic infection. More likely, the capacity to bind RNA is not
important for MP but may be required for the function of the
overlapping cofactor for RNA2 replication (CR), which is
translated from a start codon in frame with that of the MP and
plays a role in the replication of RNA2 (29). However, we have
not studied whether CR is able to bind RNA. A third possi-
bility is that RNA binding is not needed at all for MPs that
form tubular structures but is just an evolutionary remnant,
although it seems unlikely that a protein of an RNA virus,
which generally has a high mutation rate (7), would retain such
activity for no reason.
RNA binding also decreased with increasing concentrations
of NaCl (Fig. 4B), suggesting that RNA binding involves ionic
interactions. The CPMV MP-RNA complex was disrupted at
NaCl concentrations of 300 mM and higher, which are similar
to values reported for Alfalfa mosaic virus MP (28) and Cau-
liflower mosaic virus MP (6). The MP-RNA complexes made by
TMV (5), Cucumber mosaic virus (19), Red clover necrotic mo-
saic virus (23), and Broad bean wilt virus 2 (26), however,
dissociated at higher NaCl concentrations and therefore seem
more stable. Whether the differences in the stabilities of the
MP-RNA complex are biologically significant is unclear.
Similar RNA-binding experiments were carried out with mu-
tants AM5MP (Fig. 4C) and 48CMP (data not shown), which
lacks the C-terminal 48 amino acids and was previously shown
to be unable to bind CPMV virions or coat proteins (3). Both
mutant MPs retained their RNA-binding capacity, indicating
that different domains in the MP are involved in RNA binding,
GTP binding, and virion binding.
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